Steam-methane reforming is a highly endothermic reaction, which is carried out at temperatures up to 1100°C and pressures up to 3000 kPa, typically with a Ni-based catalyst distributed over a substrate of discrete alumina pellets or beads. Standard pellet geometries (spheres, hollow cylinders) limit the degree of mass transfer between gaseous reactants and catalyst. Further, heat is supplied to the exterior of the reactor wall, and heat transfer is limited due to the nature of point contacts between the reactor wall and the substrate pellets. This limits the degree to which the process can be intensified, as well as limiting the diameter of the reactor wall. Additive manufacturing now gives us the capability to design structures with tailored heat and mass transfer properties, not only within the packed bed of the reactor, but also at the interface between the reactor wall and the packed bed. In this work, the use of additive manufacturing to produce monolithic-structured catalyst substrate models, made from acrylonitrile-butadiene-styrene, with enhanced conductive heat transfer is described. By integrating the reactor wall into the catalyst substrate structure, the effective thermal conductivity increased by 34% from 0.122 to 0.164 W/(m K).
Background and Introduction

Pellets and Traditional Steam-Methane Reforming Catalysts
Steam-methane reforming is a highly endothermic process that has been industrially relevant for over 80 years and is currently responsible for approximately half the worldÕs hydrogen production ( Ref 2) . There are three main types of reformers, which are differentiated by their heating mechanism. These include top-fired reformers, bottom-fired reformers, and terrace-walled (side-fired) reformers (Ref 27) . The tubes inside of these reformers are typically between 10 and 12 m long, have an outer diameter between 70 and 160 mm, and a wall thickness of [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The tubes are almost exclusively constructed of nickel-chromium alloys due to their favorable high-temperature properties and their contribution to the steam reforming catalytic process, as most industrial catalysts use a nickel-based catalyst (Ref 30) . The tubes are generally filled with a catalyst that is supported on pellets of a high surface area substrate such as gamma-alumina ( Ref 9) . Unfortunately, due to their non-integrated, discrete nature and the properties of ceramic substrates, there are heat and mass transfer limitations that mean the efficiency of this process can only be approximately 65-75% (Ref 3) . The heat transfer limitations arise from the tube being heated to 1000-1100°C, but there only being ''point'' contacts between the tube wall and the catalyst pellets and the same between catalyst pellets inside of the reformer tube. This leads to a radial temperature gradient as well as ''hot-spot'' formation along the reformer tubes. These hot spots are detrimental to the microstructure of the tubes, as the tube life is exponentially influenced by the temperatures that the tubes experience, e.g., tubes held at 1050°C will undergo creep and other injurious behaviors much faster than tubes held at 900°C. High-alloy metals are able to withstand roughly half of the stress over a period of time when the temperature is varied from 900 to 1000°C (Ref 16) . This is important because replacing tubes inside a reformer is a very costly procedure (Ref 25) .
The catalyst and its support are a major point of possible improvement in the SMR process. Process intensification can be achieved by modification of catalyst design from two approaches-modification of the structural configuration or modification of the functional configuration. One of the major issues with process intensification through structural modification is that it spans the macro-and microscale, which until very recently has been limited by existing technologies for ceramic substrate production and subsequent catalyst coating and activation (Ref 3) .
Another concern of the catalyst substrates is related to the distribution of catalyst on the support which has mass-transferlimiting issues. The reaction rate within a reformer tube is strongly influenced by the limitations of gas-phase diffusion within the micropores of the support. Lower catalyst effectiveness is linked to large catalyst pellet sizes, but smaller catalyst pellet sizes are strongly unfavorable due to their effect on the pressure drop (Ref 28) . Other geometries have been proposed to eliminate the issues seen with a packed bed of catalyst pellets. One alternative that has been thoroughly researched is a monolithic structure, which has been used to great effect in many environmental applications and has some significant advantages over the use of catalyst pellets. The advantages and disadvantages of this geometry are further discussed in this paper, but the focus is on the clearance present between a monolithic catalyst structure and the tube containing it. Since heat transfer and mass transfer at high temperature are so important to this process, it makes sense to try and understand the obstruction to heat transfer that a gap between the monolith and the tube wall represents. This paper addresses our current understanding of the presence of the gap to efficient heat transfer, areas for further development of this understanding, and spheres for further research including the use of additive manufacturing to reduce gap effects.
The motivation behind this research is to increase the efficiency and reliability of catalyzed reactions, especially highly endothermic, heterogeneous, mass-diffusion-limited catalyzed reactions. These types of reactions use multi-material systems and therefore have boundary layer limitations and 3D printing may resolve these limitations. The rest of this paper will expound upon this and other related ideas.
Traditionally, in steam-methane reforming, packed beds of catalyst pellets have been used. Over the years, the pellets have been changed in shape to help optimize the pressure drop and catalytic activity of the process. The pressure drop increases as the pellet size decreases, but the catalytic activity increases with surface area (generally resulting from a greater number of smaller pellets).
Monoliths
Monoliths generally have many advantages over packed beds including: higher mechanical strength, more even flow distribution, improved heat transfer, lower pressure drop, and improved mass transfer performance (Ref 39) . Using monolithic catalysts, even though they are typically made from materials with low thermal conductivity, changes the dominant mode of radial heat transfer inside of the reactor to conduction which demonstrates significant improvement in both radial and axial heat transport not present in packed bed reactors due to lack of connectivity (Ref 12) .
Despite the numerous advantages of monoliths, there are a few disadvantages, including higher cost of manufacture, misdistribution or lower loading of the active phase of the catalyst, new catalyst fabrication procedures would have to be implemented, and the monoliths cannot currently be manufactured in very long lengths (since the tubes are typically 10-12 m in length) so multiple monoliths would need to be stacked on one another (Ref 39) . In addition to the disadvantages of monolithic catalysts outlined by Zamaniyan et al. (Ref 12) , typical ceramic parallel channel monoliths are essentially adiabatic, which makes temperature control of the process fluid inherently difficult.
Monolithic-structured supports can lead to an increase in space velocity (allowing the required size of the reactor to be reduced, which has applications in fuel cells). One study by Farrauto et al. showed up to 10 times the space velocity of an equivalently sized packed bed reactor, although Farrauto points out that combining this reaction with another reaction that is highly endothermic in a heat exchanger-like structure would be necessary to provide the required heat flux. This is because heat transfer resistance is a controlling factor in traditional packed bed reformers. The pressure drop, in this same study, was shown to decrease by 80-90% in monoliths with high open frontal areas, potentially saving on energy utilization and energy costs associated with process gas compression. Monoliths that are wash-coated with a highly active metal catalyst (specifically using precious metals such as Rh, Ru, and Pt) have even shown greater resistance to the chemical and mechanical degradation that typically occurs during reactor start-up or shutdown (Ref 9) .
Using a monolithic catalyst form also typically introduces a gap between the monolith and the reactor wall. There are many approaches being researched in order to minimize the effect of this gap on heat transfer between the monolith and the reactor wall (Ref 12). Zamaniyan et al. have proposed the use of a tube-fitted bulk monolithic catalysts (TFBMCs), which are monoliths that are spaced to generate fluid mixing between each piece and are constructed completely of the active phase of the catalyst in order to promote active surface area. These TBFMCs were wrapped in a metal sheath to promote heat transfer and assist with issues commonly encountered with monoliths including crushing with temperature fluctuation, easier loading and removal, and a way to overcome the theoretical gap present between the bulk monolithic catalyst and the wall of the reactor tube (Ref 39) . In an article by Tronconi et al. (Ref 35) experiments were conducted with different monoliths, each with different thermal conductivities. A copper honeycomb monolith showed no radial temperature profile, just a varying temperature profile along the length of the monolith as the reaction neared completion. They also experimented with ways of reducing the gap effect between the monolith and the wall of the reactor. When they used aluminum fins to allow for conduction between the monolith and the wall, film heat transfer coefficients between 400 and 500 W/(m 2 K) were measured. Boger and Heibel performed a study on the effect of the gap between conductive monoliths inside a tube, with the tube immersed in a jacket of cooling water to keep the section between the inlet and outlet of the cooling jacket isothermal (Ref 4) . When the group investigated the same monolith with no special treatment to increase contact between the monolith and the wall, the film heat transfer coefficient was about half of what was able to be achieved with enhanced monolith to wall contact (Ref 35) .
In terms of the honeycomb structure, no radial convection takes place within the channels, which concurs with an earlier study (Ref 35) . However, high conduction rates may occur throughout the solid structure, depending on the thermal conductivity of the material and the void fraction, again in agreement with the earlier article by Tronconi et al. The size of the gap between the monolith and the tube influences the heat transfer resistance significantly. It was determined that the greater the clearance between the catalyst and the internal tube wall, the greater the heat transfer resistance (Ref 4) and the greater the risk that a significant portion of the process gas will bypass the monolith altogether. Boger and Heibel make a more detailed study of the gap between monolith and the wall without any sort of enhancement of the heat transfer to try and better understand the effect of the gap. Since it has been demonstrated that the size of the clearance at the monolith-tube interface is of significant importance in heat transfer, forming a monolithic structural support that has dimensions as close as possible to the inner diameter of the reactor tube would be a prudent path forward to mitigate heat transfer limitations. However, there is a trade-off between the improved performance from small clearances and ease of loading. It has been shown that for clearances of 50-100 lm, force was required to insert the monoliths into a tube (Ref 4) . This poses a significant challenge considering reformer tube length is typically between 10 and 12 m, and catalyst crushing is a significant concern within industry (Ref 27).
Fabrication via Additive Manufacturing
The most popular method of additive manufacturing, or 3D printing, in metal is currently a process called selective laser melting. This process involves using a laser to selectively and partially melt metal powder into a specific shape for a desired layer (of specific thickness that depends on the printer resolution). More powder is added to the bed, and the sintering/melting process is repeated. This procedure is repeated until the desired part is completed, then the extraneous powder is purged from the bed (usually via a vacuum process), and the remaining part is removed (Ref 6) .
Electron beam melting (or EBM) is gaining ground for its unique ability to process alloys that are traditionally difficult to manufacture, like Grade 5 Titanium (Ti-6Al-4V), which is primarily used in the aerospace industry (Ref 38) . EBM is also useful for building complicated structures of variable porosity. The electron beam is controlled by changes in an electromagnetic field rather than a change in position of mirrors as in selective laser melting. This allows for a greater degree of control, but can only be used with electrically conductive materials ( Ref 13) .
For printing in ceramic, there are many technologies that have been invented and are currently the subject of much research. There are not currently any particular front runners for wide applicability since most technologies require post-processing of some sort, generally sintering the green body produced by the additive manufacturing device. Direct ink writing, or robocasting, was one of the first technologies that produced a fully dense ceramic part. Robocasting uses a ceramic ''ink'' that is extruded from a nozzle in a manner similar to fused deposition modeling (FDM) in plastic. The ''ink'' development is the most crucial aspect of this type of printing, due to the necessary rheological properties for printing and the later polymer removal during sintering (Ref 19) . 3D printing using a liquid pre-ceramic resin is a fairly new technology introduced in early 2016. This method makes use of photosensitive polymers and existing stereolithography machines to cure the resin in a layer-wise fashion, making parts of mostly uniform shrinkage and no porosity according to an article published in Science (Ref 7) .
Selective laser melting can also be used for ceramics, the advantage of using SLM being that there is no post-processing sintering step, just removal of extraneous powder (Ref 18) . Lithography-based ceramic manufacturing is another type of process that does not require a secondary or post-processing step due to the nature of the process. A photosensitive suspension consisting of a ceramic, photoinitiator, monomer, and various additives is exposed to light through a complex arrangement of mirrors and light-emitting diodes (LEDs), which results in a fully dense part. Schwentenwein and Homa achieved an alumina density of over 99.3% of theoretical using this method (Ref 32) .
A number of these technologies can actually be used in multi-material printing, theoretically allowing for a co-printed substrate with catalyst inside a pressure-containing chamber. Ceramics and metals could be printed using the same machine, the same method, and be fully functional parts for an end user (Ref 34) . 3DP is a process invented at the Massachusetts Institute of TechnologyÕs CSAIL (Computer Science and Artificial Intelligence Laboratory) in 1993. The process utilizes a liquid binder that is applied to a powder layer in a specific pattern according to that ''slice'' of the part. Next, more powder is applied and more binder applied in the shape of the next ''slice''. The surrounding powder acts as a support and can be removed after the part has finished printing, generally by vacuuming or similar dust removal process (Ref 14) . Care needs to be exercised with this method due to the process utilizing large amounts of powder. Powder for this process can be metal, ceramic, plastic, composite, or mixtures of these as long as the binder(s) used are compatible with the powders used and are able to hold the shape of the green body prior to postprocessing. Post-processing consists of either chemical treatment or sintering. Plastics are frequently post-processed via chemical treatment, while metals and ceramics are mostly postprocessed via sintering due to inherent material properties (Ref 31) .
3D printing of monoliths is not a totally new idea within chemical engineering unit operations. This process has been utilized to produce columns for chromatography with a range of highly homogeneous internal structures (Ref 10). As a proof of concept, Fee et al. demonstrated that the column, packing, distributors, and fittings can all be printed in a single piece, reducing operational complexity. It was also found that in a honeycomb structure, flow distribution was not completely uniform and some parts of the column were not utilized, but introducing a fractal distributor corrected for the misdistribution. Bead-like structures that were 3D-printed, but uniformly arranged, were also studied, and it was found that radial mixing was greatly improved (Ref 26) . Octahedral beads were printed in these columns with different degrees of overlap (varying the porosity while keeping other variable constants, i.e., particle arrangement and tortuosity). Porosity has an opposite effect to what is expected in packed bed columns, controlling for other variables. This led to an important discovery with respect to chromatography in that porosity was not really the variable to control, but instead the uniformity of the flow channels (Ref 26) .
Since additive manufacturing is a relatively new technology, there is much research to be performed involving the understanding of the material properties relative to traditionally manufactured components-especially with regard to catalyst and catalyst support manufacture. While some research has been performed on metals and ceramics relating to the compressive strength, yield strength, and other similar properties, there has been little research carried out using additive manufacturing for pressure vessels. This would be critical if an integrated structure were to be developed, resulting in coprinting of the catalyst structure and the tube wall. This has possible applications in many industries including aerospace, chemical and petrochemical, pharmaceutical, robotics, and maritime, to name a few. Prototypes for pressure relief in plastic have been printed and been liquid pressure tested to fracture at 460 and 580 psi or approximately 3.2 and 4.0 MPa, but after further revision of part design, the part did not burst until 1150 psi or 7.9 MPa. These prototypes were produced using stereolithography (Ref 1) . This technology will need to be further explored for the materials and methods being used in these experiments to allow more research to be conducted on 3D printing catalysts that are integrated with tube walls to allow for improved heat conduction and mass transfer. These investigations should also be explored for multi-material printing for applications at high temperatures and pressures. This could greatly affect the chemical catalysis industry as many of these reactions are performed at high temperatures and pressures, but require a combination of materials in order to facilitate the catalytic reaction.
Of the three main material classes (plastics, metals, and ceramics), plastics are the lowest cost material choice when producing a conceptual design or prototype. The most widely adopted method of 3D printing in plastic is a process called fused deposition modeling, or FDM. This method was used to produce the prototype monoliths tested in this study. The printer used was a Stratasys Dimension Elite. Acrylonitrilebutadiene-styrene, or as it is commonly known, ABS, is typically used over a temperature range between À30 and 90°C ( Ref 15) . Therefore, the experiments that were carried out using ABS thermoplastic are only applicable to a much lower temperature range than what is used in steam-methane reforming. However, ABS is used here as a proof of concept before proceeding to further studies using more industrially relevant materials such as alumina-based ceramics and nickelchrome super alloys.
Methods
Material and Shape Selection and Constraints
Through SolidWorks CAD software (Dassault Systèmes SolidWorks Corp, USA), four structured catalyst substrates were designed and then converted to a compatible format for printing at the University of CanterburyÕs Additive Manufacturing facilities (Christchurch, New Zealand). The design of the catalyst was subject to the following constraints:
• The print material must have a thermal conductivity at least an order of magnitude greater than that of stagnant air. The thermal conductivity of air is approximately 0.024 W/(m K) at the conditions of interest. The material chosen was acrylonitrile-butadiene-styrene (ABS P430), which has a conductivity ranging from 0.18 to 0.33 W/ (m K) (Ref 11).
• The length of the integrated catalyst and tube (cylinder) was required to be four times the diameter. This ensured that the effect of axial heat flow at the mid-plane was negligible as the bed is of sufficient length (Ref 17).
• To ensure that the size of the component was reasonable, the diameter of the cylinder was to be as small as possible. However, the printed structure must be free of AM faults and symmetric about the mid-plane. Hence, no detail within the design can be less than 1 mm.
• The ''gap'' at the monolith-tube interface is to be designed as small as possible. Nevertheless, it must be uniform in thickness around the circumference and along the length of the cylinder.
• The cylinder must be completely sealed for experimental purposes.
• The design must accommodate a thermocouple through the center axis of the cylinder and should reach halfway through the length of the monolith. The thermocouple must maintain good contact with the plastic.
The initial design concepts for the monolith structures are shown in Fig. 1 The third structure is an unconventional, biomimetic monolith design based on the cross section of many types of fruit (e.g., an orange), whose structure allows for efficient nutrient transfer throughout the fruit. This proposal contrasted to the square-and circular-hole straight channel monoliths as it would provide direct paths for heat conduction. The third proposed structure will be modified later to keep the direct paths for heat conduction but also allow for flow mixing, and in fact only the square-holed structure was experimentally characterized in this work.
CAD and Printing
Each structure was drafted in SolidWorks and designed to have the same void fraction. Several small examples were printed using a Stratasys Dimension Elite printer using material ABSplus P430, which is a proprietary ABS material. These were printed in cooperation with the Mechanical Engineering department in the 3D Printing and Additive Manufacturing suite located at the University of Canterbury. These samples showed that the minimum resolution chosen (1 mm) yielded issues with consistent performance in the internal structure, and so a larger size was chosen for the distance between channels. The printer used the following settings for printing and treatments were applied to all four ABS cylinders:
The new sample had a structure similar to that of the paper by Boger and Heibel, using parallel, square channels. The size of the squares was 1.9 mm, and the distance between each was chosen as 1.8 mm. The squares were arranged in such a way Fig. 1 Circular, square, and biomimetic internal structure proposals that the structure is very clearly defined, symmetric about the mid-plane, and displayed no visible defects as shown in Fig. 2 .
As the above structure is compatible with the printer bed dimensions subject to the earlier listed constraints, this pattern was selected for experimentation (Table 1) .
In addition to the straight channel monolith designs, a solid ABS cylinder which represented a perfect heat conduction scenario was proposed to be printed. This prototype embodied negligible heat transfer resistance over the gap or within the channels of the monolith. Essentially the cylinder was to act as a control for the experiment, so that the thermal conductivity of the given ABS plastic could be measured. To complement this cylinder, an identical solid model with the addition of a gap clearance between the monolith and the inner tube wall was also designed and manufactured. Tables 2 and 3 outline the key dimensions of these samples.
The thermocouple well terminates halfway through the length of the monolith, located at axial and radial center of the cylinder.
The cross sections of the substrates that were selected for printing are given in Fig. 3 .
As shown in the work of Uddin et al. (Ref 36) , the settings used for printing an ABS FDM part have a large impact on the mechanical properties of that part as compared to a part manufactured through injection molding. They also concluded that the mechanical properties are strongly anisotropic. The anisotropy of thermal properties was not assessed in this study as all monoliths were printed in the same vertical orientation resulting in circular patters being layered on top of each other. We would therefore not expect any significant anisotropy of the average thermal properties in the radial direction (Fig. 4) . Thermocouples were used to measure the temperature change with time over the cross section of the support in order to determine the effective thermal conductivity. The tube was filled with stagnant nitrogen gas at ambient pressure. A similar method was proposed for measuring the thermal conductivity of the ABS 3D-printed monoliths. As the cylinders were built via additive manufacturing, they had a slightly porous structure. Hence, for the experimental method to be appropriate it was essential that each sample was completely sealed. This was in order to ensure that stagnant air at atmospheric pressure was trapped inside the cylinder and that water could not enter the internal structure. The thermal conductivity of water is 0.584 W/(m K) at the conditions of interest which is greater than the 0.18-0.33 W/(m K) of the ABS plastic (Ref 8, 24 ). Any water within the structure would significantly alter the results.
Heat Transfer Characterization
To prevent the entry of water, each cylinder was wrapped with a 0.1-mm film of polypropylene plastic. Due to the thinness of the wrapping and its similar thermal conductivity properties to ABS plastic, the overall thermal conductance of the test piece was not affected (see ''Appendix'' for a detailed analysis). The top end of the cylinder (where the recessed portion was located) was sealed with a transparent circular polycarbonate disk through the use of Sikasil Silicone Sealant. A thermocouple was then fully inserted into the thermocouple well. The thermocouple tip was coated with Dow Corning 340 silicone heat sink compound in order to ensure that the tip of the thermocouple had sufficient contact with the solid cylinder. The area where the thermocouple entered the structure was then covered with the same silicon sealant to guarantee that water did not enter the structure.
Once the structure was water tight, the thermocouple was linked to an EL-USB-TC-LCD thermocouple data logger. The data logger had a USB function which plugged into the complementing software program installed on a laptop. The data logger was preset to begin recording when the button was pressed and to provide a display of the temperature reading every second. The logger was programmed to record a temperature reading every 10 s. To stop recording, the data logger was required to be plugged into the Laptop USB socket and ''stop recording'' selected in the program options.
Each cylinder (at room temperature) was then horizontally immersed in a water and ice bath at 0°C. Clamps at one end of the cylinder were used to ensure that the model remained submerged, while the temperature of the bath was monitored via a CHY 805 RTD Thermometer. When the thermocouple indicated that the mid-plane temperature of the cylinder had reached zero, the temperature of the cylinder was considered uniform about its volume. The sample was then quickly transferred to a prepared 30°C stirred water bath. At t = 0, the data logger recording was initiated. The cylinder was then left to heat, until a steady temperature of 30°C was achieved. Recording was then stopped and the data downloaded. The process was repeated, taking the model from 30 to 0°C. Three trials for each water bath type were carried out. A simplified diagram of the heated water bath is provided in Fig. 4 .
The temperature change with time for an aluminum cylinder with identical dimensions was also recorded in the same manner. The aluminum has a well characterized and relatively high thermal conductivity of 236 W/(m K), density of 2710 kg/ m 3 , and specific heat of 902 J/(kg K) at 20°C. Thus, the aluminum experiment provided a means of obtaining an accurate value for the convective heat transfer coefficient that was not easily obtained for the ABS cylinders due to their low thermal conductivity. The convective heat transfer coefficient obtained in this experiment was therefore used when regressing the effective thermal conductivity of the ABS cylinders.
Due to the high conductivity of aluminum, the data logger was programmed to record a temperature every second. The results were averaged over 4 trials in the hot water bath.
Results
The following results were obtained for heating of the catalyst substrates originally at a temperature of 273 ± 0.5 K environment. The cylinders were placed into a hot water bath at 303 ± 0.5 K. The data were averaged over three trials for the experiments with the ABS cylinders. The data were averaged over four trials for the experiments conducted on the aluminum cylinder.
It is clear from For heating, the squares (without the gap) had a slightly faster response than the solid with gap. The squares had a faster response than the solid with gap (Fig. 6, 7, 8, 9, 10) .
The results for the heating of the aluminum cylinder are given below.
The highly conductive metal cylinder (in Fig. 6 ) reached a temperature of 303 K in approximately 50 s. Similar to the ABS experiments, this indicated that the conditions within the heated water bath were relatively uniform and can be considered well-mixed.
Analysis of Results
The results using ABS cylinders clearly demonstrate how dominant conduction is, and that greater wall integration results in greater agreement with the one-dimensional model. Performance of the monolith was superior when conduction pathways were more prevalent, and convective heat transfer was at a relative minimum. The solid monolith gave the best performance, followed by the solid monolith with gap, followed by the squares monolith, followed by the squares monolith with gap. Table 3 compares parameters important for catalysis and lists the different geometries.
Later, we detail a path forward for more characterization tests with structures that have more favorable properties when it comes to catalysis (i.e., higher surface area to volume ratio, higher void fraction, and a higher thermal conductivity).
As a first approximation, each cylinder can be analyzed using a continuum model which assumes an effective thermal conductivity. In other words, the cylinder is modeled as a solid and only temperature variations in the radial dimension need to be considered as a function of time because of the chosen aspect ratio. The benefit of using this approach is that the transient one-dimensional conduction model has an analytical solution which can be used to iteratively determine the effective The following boundary conditions are applied to Eq 1, at the surface, r ¼ r 0 :
where k eff W m K h i is the effective thermal conductivity. Further, at the center, r ¼ 0, the symmetry condition can be described by:
Via separation of variables, the following analytical solution can be found (Ref 5 
where the effective thermal diffusivity, a eff , can be calculated by Eq 7.
where e is the void fraction, q ¼ 1038 kg m 3 is the density and C P ¼ 1470 J kgK is the specific heat of ABS plastic. Values for b m are found by determining the roots of Eq 8.
where Bi is the Biot number as follows:
Dimensionless temperature, h s; r ½ , is defined in Eq 10.
Via substitution of Eq 10 into Eq 5, the following relationship is achieved. , which describes the temperature at the center of the cylinder as a function of time, is used to produce an analytical model that was then regressed to determine the effective thermal conductivity of the cylinder.
Data Regression to the Model
For each of the ABS cylinders, the model was regressed onto the data, which were recorded every 10 s from 300 to 1500 s, in order to determine the effective thermal conductivity. This was carried out by iteratively varying the effective thermal conductivity until the sum of squares error was minimized. For heating, the value for the convective heat transfer coefficient was set at 2053 W/(m 2 K) as determined by the experiments carried out on a solid aluminum cylinder. For the ABS cylinders, only the thermal conductivity was allowed to vary as this poses the greatest resistance to heat transfer. Because of the low thermal conductivity of this material, the model was not sufficiently sensitive to independently determine the value of h. The results are given in Table 4 . Table 4 that the model was successfully regressed onto the data for all cases. The average L 2 -norm error for regression of the heating experiment was 6.67 9 10
À5
, and the maximum absolute difference (L ¥ -norm) between the regressed model and the experimental data varied from 0.3 to 1.1 K. From analysis of Table 4 , the solid cylinder is shown to have the highest thermal conductivity of 0.223 W/(m K). The lowest thermal conductivity is the squares with gap which has a value of 0.122 W/(m K). Both of these results follow the expected trend.
Since these experiments were conducted with ABS that has been 3D-printed using FDM, it is useful, as a comparison, to include some values for solid thermal conductivity of injectionmolded ABS. Typical values of thermal conductivity vary widely for ABS and are between 0.187 and 0.332 W/(m K) (Ref 8) . Specific types of ABS and their thermal conductivities are listed in Table 5 . The 3D-printed solid monolith shows good agreement with these ranges. As FDM 3D-printed parts have mechanically anisotropic properties due to the layer-wise method of manufacture, it is assumed that there is some variation in thermal conductivity along the length of the printed monolithic structures (Ref 36) . The plastic thermal conductivity will also vary with temperature; experiments were thus carried out as a function of cooling or heating over a range of temperatures, between 0 and 30°C.
The squares cylinder is shown to have a greater thermal conductivity than the solid with gap. These values are 0.164 and 0.159 W/(m K), respectively. The squares provide direct paths for conductive heat transfer from the tube inner wall, while the solid with gap relies on convective heat transfer alone over the air gap or clearance. As air has a lower thermal conductivity than the plastic, the gap acts as the primary limiting mechanism to heat transfer.
Comparing the conductivities of the solid to the solid with gap and the conductivities of the squares to the squares with gap indicates the effect of bridging the clearance between the catalyst support and inner tube wall. This clearance is designed to be identical in both cases. Table 6 shows that for the solid cylinders, the existence of the gap reduces the effective thermal conductivity to 71% of the ideal case. For the squares concepts, this value is 74%, and this change in conductivity cannot be explained by the reduction in bulk density (i.e., increase in void space) alone. As the gap to no-gap change in conductivity results are similar for the two comparisons, it illustrates that the experimental procedures were consistent over the trials. It also reveals that the AM successfully replicated the gap which had been designed in SolidWorks as previously described.
Tronconi et al. (Ref 35) found that a significant increase in the inside wall heat transfer coefficient was possible with suitable packaging methods aimed at reducing the clearance between the monolith and reactor tube. With no special packing, a heat transfer coefficient of 220 W/(m 2 K) resulted for a highly conductive copper monolith, while careful manipulation of the packing produced values of 400-500 W/ (m 2 K).
The results show that the ABS monolith effective thermal conductivity increased by 34-40% with complete elimination of the gap. However, unlike work carried on highly conductive material, the thermal conductivity of ABS is still such that this 
Conclusions
This paper focused on thermally characterizing the cylinders printed in ABSplus and the effect of having a gap between the monolithic structure and the pseudo-wall of the structure and printing a continuous structure as illustrated in Fig. 3 . The presence of the gap introduces a drop in the overall effective thermal conductivity of the structure relative to the solid structure. The presence of greater internal surface area in the form of square features also decreases the thermal conductivity of the monoliths. The monolith with the squares and a gap has a lower thermal conductivity than the monolith with the squares and no gap. This is attributed to the increased resistance to heat transfer via convection across the air gap over conduction. The air inside of the sealed monoliths has a much lower thermal conductivity than the ABS plastic by about an order of magnitude at the conditions of relevance (Ref 24) .
Using a transient one-dimensional conduction model, which assumes each cylinder consisted of a single material with an effective thermal diffusivity generated excellent agreement between the regressed model and the experimental results, is a useful way of determining each cylindersÕ effective thermal conductivity. Overall, it was found that for a square-hole monolith, the effective thermal conductivity could be increased from 0.122 to 0.164 W/(m K) by incorporating the reactor wall into the monolith through the use of additive manufacturing (AM). AM provided the ability to eliminate the clearance requirement at the interface of the hypothetical monolith and reformer tube. Overall, this equated to a 34% increase in the effective thermal conductivity of the monolithic ABS structure. A similar improvement of 40% was found for the solid base case cylinders, where the solid ABS cylinder which represented a perfect heat conduction scenario yielded a thermal conductivity of 0.223 W/(m K). In contrast, the solid cylinder with the gap clearance had a smaller effective thermal conductivity of 0.159 W/(m K).
Future work will include the testing of multiple geometries printed in metal to use a material that has a higher thermal conductivity. These geometries will have higher void fractions, which should represent a decrease in pressure drop relative to the previously tested structures and much higher surface area to volume ratios which are desirable in catalytic applications. In addition, work is underway to build a printer utilizing 3DP technology to expand the material choices for these geometries, with the capability of multi-material additive manufacturing. With multi-material additive manufacturing, it will be possible to integrate the metal reactor wall with the ceramic catalyst substrate to improve thermal performance of the reaction and to reduce the typically extreme temperature gradients present in steam-methane reforming. It should also be possible to use multi-material printing to fully integrate the catalyst into the substrate as part of the printing process itself.
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Appendix: The Effect of the Polypropylene Film
In order to determine the effect of the polypropylene film on the overall effective thermal conductivity, the cylinder was treated as a composite plane wall with heat transfer at the surfaces. The heat transfer area A(m 2 ) is assumed to be the surface area of the cylinder, neglecting the ends. The correlation was performed for the solid cylinder, where the thermal conductivity k 1 of the ABS was found to be 0.22 W/(m K). The thermal conductivity k 2 of polypropylene is 0.16 W/(m K).
The following equation is employed to account for both ABS and polypropylene (Ref 37) .
where C is the thermal conductance in W/K and d 1 and d 2 are the ''thicknesses'' of the ABS plastic and polypropylene, respectively. This is then compared to Eq 13 which accounts for the ABS material only.
ðEq 13Þ
The conductance for the ABS was found to be 0.1951 W/K while the conductance for the composite substrate was very slightly reduced at 0.1947 W/K. Therefore, the thermal conductance of the composite is 99.78% that of the singular ABS material, showing a negligible effect. This assumption is therefore considered valid.
